Abstract: A bone reaming system with temperature tactile sensation display was developed for potential use during bone internal fixation surgery. The developed reaming system will allow tracking of the amount of heat generated inside fractured bones by surgeons throughout the reaming process. It consists of a temperature sensing system to measure the bone cavity temperature, a rotor system to provide the rotational motion to the system, which emulates the rotational motion during a surgical bone-drilling procedure, and a RF receiver for receiving the wireless signal representing the measured temperature. The performance of the temperature sensing system was analyzed, including temperature signal linearity and wireless temperature signal transmission. Experiments were also conducted to play the temperature data from the sensing system over the Internet and allow a remote operator to feel the temperature sensation by using a thermoelectric heating/cooling device. Implementation of the new reaming system will allow surgeons to perform feedback control of temperature generation inside bone cavities, and hence, reduce the potential risks of bone internal fixation surgery significantly. Copyright © 2002 IFAC 
INTRODUCTION
Bone fracture is generally treated with internal fixation for adult and external fixation for children. It is believed that internal fixation will have a better stabilization and fragment alignment than the external fixation during the period of bone repairing (Made, et al., 1996) . During World War II, Kuntscher created the idea of internal fixation (Kuntscher, 1940) . In 1940, he invented an intramedullary nail to put inside the bone cavity in order to fix the position of fractured bone without opening the fracture site during the healing period. In the original design of the intramedullary nail, only a nail with small diameter was used during surgery. The small nail could not provide enough strength to fix the position of fractured bone. So, he proposed the reaming process of the bone cavity before the insertion of the intramedullary nail. The reaming process of bone cavity can remove the inner cortical bone cell, resulting in the enlargement of the bone cavity. A larger bone cavity allows the insertion of an intramedullary nail with larger diameter and increases the contact area between the nail and the bone (Cheung, 1997) . Therefore, the reamed internal fixation can enhance the bending stiffness and the torsional stiffness of the intramedullary nail (Schneider, et al., 2001 ).
In the reaming process, a reamer with a drilling head is used for enlarging the bone cavity. The typical size of the intramedullary nail for the femoral fracture is 12mm in diameter and its length is dependent on the fractured bone. The diameter of the reamer is a little bit larger than the intramedullary nail, about 13mm, so that the intramedullary nail can be inserted smoothly inside the bone cavity. Before the reaming procedure, a guide rod with diameter 3mm is placed inside the bone cavity before the insertion of reamer to guide the reaming path (see Fig. 1 ). Without the guide rod, there would be a higher chance of asymmetrical reaming (Krettek, et al., 1996) . Misalignment of the reaming motion can be very dangerous since it may cause unnecessary damage to the fractured bone. While reamed internal fixation allows significant improvements on the alignment and the stiffness on the intramedullary nail, the reaming process does generate a large amount of heat and causes thermal necrosis of the bone. Thermal nercrosis occurs when the bone cells are deprived of blood (http://members.eb.com), which will extend the time to completely heal a fracture. Furthermore, the bone cells may die from lack of oxygen and nutrients. The dead bone cells may lead to infections or the bone cavity may be filled with debris.
In order to reduce these undesirable complications during a bone reaming operation, a sensing system that provides temperature information is proposed as an additional component to the original reaming tools, i.e., a temperature sensor can be packaged in the guide rod head (Ho, et al., 2001) . With temperature sensation, tracking of the temperature increase in the bone cavity can be accomplished in real time by a surgeon. If the temperature of bone cavity is near the damage limit, ~49℃ (Baumgart, et al., 1988) , a surgeon may slow down or stop the reaming process to reduce or prevent the probability of thermal nercrosis or other damaging factors.
REAMING SYSTEM DESIGN
A reaming system was designed and built for measuring the temperature the bone cavity throughout the reaming procedures. During a bone reaming operation, heat can be generated from bone destruction as well as from the friction between the bone and the reaming tools. However, temperature rise from bone destruction is ~0.5℃ (Baumgart, et al., 1988) , which not significant in terms of damaging cells in the bone cavity. Therefore, the major source of danger from heat generation stems from the friction between the bone and the reaming tool. In the reamed internal fixation, both the reamer and the guide rod have fast rotational speed. Heat is generated from two sources: the tip of the guide rod and the side of the reamer.
To prevent the temperature at those two positions from getting higher than the damage limit, a temperature sensor was added at the guide rod head (which is at the tip of the guide rod as shown in Fig. 1 ) to keep track of the heat generation during the reaming process for this project.
Since both the reamer and the guide rod are cylindrical in shape, the temperature sensor was tailored accordingly. For the current work, a bone reaming system was designed with a single integrated temperature sensor for measuring the temperature of the bone cavity. The design can be further improved by integrating more temperature or other physical sensors at different positions on the reamer and guide rod eventually.
A schematic of the designed components for of the bone reaming system is shown in Fig. 2 . The reaming system has two main functions: temperature sensing and rotation control. Consideration of the signal transmission method is important because reaming tools rotate throughout the reaming process. A wireless transmission circuitry was used since it could pass the temperature signal outside the reaming system without any connected components. A receiver outside the reaming system was designed to receive the RF signal (carrier frequency at 433MHz) from the transmitter and pass the signal to an oscilloscope for further analysis. The rotational control function provides a steady rotational speed to emulate the rotation of the bone reaming system during a real operation. A motor with a control module is necessary to rotate and accurately control the reamer. An illustration of the major components built for this project to emulate a bone reaming process is shown in Fig. 3a . A photograph of the actual system built is shown in Fig. 3b . The core part of the system is the stainless steel guide rod. The rod is 3mm in diameter and 700mm in length. A motor with a controller is placed at the end of the guide rod to rotate the rod by variable speeds to emulate a real surgical procedure. An adaptor between the motor and the guide rod is for connection purpose.
The Hewlett Packard HEDM-5640 rotary encoder is placed along the axis of rotation to measure the rotational speed of the guide rod. A series of bearings is placed along the guide rod in order to smooth the rotational motion. The fore part of the guide rod is put inside an air cylinder, which emulates a bone under operation.
The pressure and temperature in side the cylinder could be varied to mimic bone cavity conditions during a real procedure.
A clip at the fore tip of the guide rod was designed to mount a PCB with the temperature sensing circuit (Fig. 4) . The clip was made by a RP machine so that it is lightweight but has high mechanical yield strength. In the current setup, the PCB is placed at the head of the guide rod, which enlarges the head to about 18mm in diameter. In the future, after the wireless transmission and sensor circuit are optimized for sufficient sensing sensitivity, miniature discrete components will be used to reduce the diameter to 6mm. The temperature sensor is placed at the tip of the circuit to reduce the influence of the fluid flow by the rotation of the PCB. The circuit of the temperature sensation can be divided into three parts: the temperature sensor, the voltage-to-frequency converter and the wireless transmitter. A schematic of the circuitry is shown in Fig. 5 . The LM35 is the temperature sensor. With enough voltage supply (~6V), LM35 will give out a voltage signal corresponding to the temperature of the environment. A signal converting LM331 chip (voltage-to-frequency converter) was used to match the format of signal input of the wireless transmitter. LM331 gives out an oscillating output signal with frequency that depends on the voltage output of the LM35. The output signal from LM331 can be directly fed to a transmitter for wireless transmission. The Radiometrix TX2 was used as the wireless transmitter in this project. The Radiometrix RX2 wireless receiver was placed at the side of the reaming system to receive signal from the TX2 as shown in Fig. 6 . The signal received by the Radiometrix RX2 was then passed to the oscilloscope. The temperature inside the air cylinder can then be measured by converting the frequency of the voltage.
EXPERIMENTAL RESULTS
The reaming system was tested in several areas: temperature sensing, voltage-to-frequency conversion, and wireless transmission.
Temperature Sensor
The performance of the temperature sensor was tested by comparing it to a calibrated digital thermometer. The experimental setup is shown in Fig. 7 . The LM35 temperature sensor and the probe of the digital thermometer were placed inside a polystyrene cup filled with water at an initial temperature. Polystyrene is an insulator to prevent fast heat loss. The digital thermometer and the temperature sensor were placed at the same position to reduce errors. A thin layer of plastic trapping the temperature sensor was used to prevent the direct contact between the circuit and water. Different temperatures were measured by adding hot or cold water and the data were taken until the temperature stabilizes. The relationship between the environmental temperature and the voltage output of the LM35 temperature sensor is shown in Fig. 8 . The voltage output of the temperature sensor follows the equation:
where V temp is the voltage output of LM35, and T is the temperature sensed by the sensor.
For the temperature of water above 50℃, the voltage output of the temperature sensor will saturate at 0.5V. At this level, the temperature is already larger than the damage limit of the bone cells. In practice, the reaming system should slow down or stop before reaching this level.
Voltage-to-Frequency Converter
After integrating the LM35 temperature sensor with the LM331 voltage-to-frequency converter, the voltage output was sent wirelessly. The relationship between the temperature sensed by the sensor and the frequency output of the LM331 is given in Fig. 9 . An oscilloscope is connected to the output pins of the LM331 while the digital thermometer measures the environmental temperature. The temperature and the frequency output of the LM331 have the relationship:
where F is the frequency of the output signal in kHz, T is the environmental temperature of the reaming system in degree Celsius. Therefore, when the frequency output is higher than 317kHz, the reaming system should slow down since the frequency represents a temperature of 50℃. 
Wireless Transmitter and Receiver
The Radiometrix TX2/RX2 transmitter and receiver showed good performance as seen in Fig. 10 . The frequency of the signal from the transmitter and the receiver are well matched, and therefore direct frequency data can be taken as is. Voltage regulation has not been taken into consideration for the temperature sensation module because of its size. Without voltage regulation, the amplitude of signal fluctuates between 100mV and 500mV. However, the wireless receiver can easily filter out the amplitude change with a voltage regulator. The wireless receiver can then receive signal and gives a steady amplitude of the voltage with amplification, at ~4.5V. Fig. 10 . The signal received by the Radiometrix RX2 receiver (a) and the signal transmitted by the Radiometrix TX2 transmitter (b).
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TEMPERATURE TACTILE DISPLAY EXPERIMENT
An experiment was performed to transmit the temperature sensor's signal remotely and allow it to be played by a temperature tactile display device. An Internet transmission and receiving protocol was written to allow the temperature information to be read worldwide. A thermoelectric heating/cooling device developed by Elhajj and Xi was used to display the tactile temperature information of the temperature. The fundamental operation principles of the tactile display device and the Internet protocol developed for this experiment are given below.
Thermoelectric Temperature Tactile device
The temperature display device was developed based on thermoelectric technology. Thermoelectric coolers/heaters are solid-state heat pumps that operate on the Peltier effect. The Peltier effect states that there is a heating or cooling effect when electric current passes through two conductors. A voltage applied to the free ends of two dissimilar materials can create a temperature difference. With this temperature difference, Peltier cooling will cause heat to move from one end to the other. Therefore, the temperature on one end can be controlled by controlling the voltage and its polarity across the device. In the experiment performed for this work, a controller interfaces with the computer (which receives temperature information over the Internet) via the serial port and controls the voltage across the device. The polarity is controlled based on whether cooling or heating is required and is done by switching between two circuits. A contact temperature sensor was mounted on the device surface in order to feedback the actual played temperature and attain closed loop control of desired temperature.
Internet Communication Protocols
An illustration of the hardware link for the Internet temperature tactile display experiment is shown in Fig. 11 . The temperature sensor signal was passed to an AD/DA interface card with wireless transmission, allowing the output signal of the LM35 to be read by a PC. After the interface card gets the temperature signal from the sensor, it stores a scaled voltage value into the memory of the PC with a certain memory address, thus allowing the PC to access the temperature value and then sent to client PC with TCP/IP data transferring protocol continuously. For the remote temperature tactile display experiment, a client PC was set up at the Robotics and Automation Laboratory of Michigan State University (MSU), USA, which was connected to a thermoelectric tactile device as shown in Fig. 12 . The temperature sensing system and the server PC was set up in the Advanced Microsystems Laboratory of The Chinese University of Hong Kong (CUHK) as shown in Fig. 13 . A hot air blower was used to vary the temperature of the sensor surroundings. The client PC set up was performed by Mr. I. Elhajj in a prior project 0. In this experiment, Mr. Elhajj helped in acting as a remote operator who feels the physical temperature on the thermoelectric tactile device. The surrounding temperature of the sensing system at CUHK was varied without Mr. Elhajj knowing the temperature variations a priori. At times, the temperature at CUHK site was increased to a level which caused Mr. Elhajj to exclaim over an ICQ server -"wow!" -indicating that he has felt a temperature value that was uncomfortable to his finger tip. Mr. Elhajj also ran a code at MSU to store all temperature data measured by the thermoelectric tactile device. The data was then sent back to CUHK for post-processing. The Comparison of the data transferred on the Internet and the temperature played on the surface of the thermoelectric tactile display device is shown in Fig. 14 . 
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CONCLUSION
A reaming system with a temperature sensing component was designed and built to enable tactile temperature sensations for an operator during the reaming process of internal fixation. Experiments shown that the developed system is effective in sensing temperature and transmit the temperature signals over the Internet. The temperature signals were successfully transmitted to activate a thermoelectric temperature tactile device remotely, thus demonstrating the potential for remote bone cavity drilling with temperature sensations for a teleoperator. Thus, heat generation in the reaming process can be made under control and thermal nercrosis and other side effects of the reaming process can be prevented.
